M (microfold) cells of the intestine function to transport antigen from the apical lumen to the underlying Peyer's patches and lamina propria where immune cells reside and therefore contribute to mucosal immunity in the intestine. A complete understanding of how M cells differentiate in the intestine as well as the molecular mechanisms of antigen uptake by M cells is lacking. This is because M cells are a rare population of cells in the intestine and because in vitro models for M cells are not robust. The discovery of a self-renewing stem cell culture system of the intestine, termed enteroids, has provided new possibilities for culturing M cells. Enteroids are advantageous over standard cultured cell lines because they can be differentiated into several major cell types found in the intestine, including goblet cells, Paneth cells, enteroendocrine cells and enterocytes. The cytokine RANKL is essential in M cell development, and addition of RANKL and TNF-α to culture media promotes a subset of cells from ileal enteroids to differentiate into M cells. The following protocol describes a method for the differentiation of M cells in a transwell epithelial polarized monolayer system of the intestine using human ileal enteroids. This method can be applied to the study of M cell development and function.
Introduction
M (microfold) cells are specialized intestinal epithelial cells found primarily in the follicle associated epithelium (FAE) of the intestine overlying small lymphoid regions termed Peyer's patches 1 . M cells have short irregular apical microvilli and are deeply invaginated on their basolateral side, which allows immune cells to reside closely to their cell body 2 . This unique morphology enables M cells to sample antigen from the apical lumen of the intestine and deliver it directly to the underlying immune cells 2 . In this way, M cells are important for immune surveillance in the intestine but can also be exploited by pathogens for entry into the lamina propria 1, 2, 3, 4, 5, 6, 7 .
The study of M cells has been hindered by several factors. First, M cells are found at a low frequency in the mouse and human intestine 8 . In cultured cells systems, M cell-like cells have been induced to differentiate by co-culturing a polarized adenocarcinoma cell line, Caco-2, with either B lymphocytes from mouse Peyer's patches or the B cell lymphoma cell line, Raji B 9, 10 . This results in a subset of Caco-2 cells that express the M cell markers Sialyl Lewis A antigen and UEA-1 in the polarized epithelium 9, 10 . (These markers are also expressed on goblet cells in intestinal tissues, so nowadays are less frequently used as definitive M cell markers 11, 12 .) This Caco-2-M cell system has been used to study particle uptake and bacteria translocation 13, 14 . However, Caco-2 cells are an established cell line from a large intestinal adenocarcinoma with the confounding factor that different sources of Caco-2 cells display different phenotypes among labs 15 . Further, they may not fully recapitulate the transcription levels of true M cells, as they lack expression of currently known M cell markers GP2 and SpiB 16 . Therefore, additional and more physiologically relevant culture models are needed to be able to study M cell development and functions.
Within the past ten years, the field of enteroid-derived model systems of the intestine has rapidly been progressing forward from the initial discovery that intestinal stem cells derived from human intestinal biopsy could self-propagate and self-renew in culture 17, 18 . Importantly, removal of stem cell promoting factors from the growth media allows these stem cell cultures to differentiate into the many cell types found in the intestine 18 . Furthermore, recent work suggests the importance of RANKL-RANK signaling in M cell development in the intestine 19, 20 . The RANK receptor is a member of the TNF family of receptors that is expressed on epithelial precursor cells in the intestine 19 while RANKL (the RANK receptor ligand) is released by stromal cells of the Peyer's patches 20 . Since the epithelial cell types present in ileal enteroids do not produce RANKL, M cell differentiation in ileal enteroid cultures can be induced by the addition of RANKL to the culture media 21, 22 . Inclusion of TNFα in the culture media helps support M cell development in ileal enteroids 23 . Here, we describe the methods for inducing differentiation of M cells in intestinal monolayers derived from human ileal enteroids. Our methods are based in part on modifications from the following protocols
Inducing M Cell Differentiation in Human Ileal Enteroid-derived Monolayers
NOTE: This protocol uses ileal enteroids derived from human tissue biopsy. Please refer to published protocols for methods on how to grow and passage these cells 18, 24 . The following methods for developing monolayers were adapted from Zou et al. 24 . Methods for inducing M cells in ileal enteroid-derived cultures were adapted from previous reports 21, 22, 23 . All work is carried out in a sterile tissue culture hood and incubations are in hood or tissue culture incubator as indicated. See Table of Materials needed to prepare ileal enteroid monolayers and various medias.
1. Grow ileal enteroids for 4-10 days in extracellular matrix (ECM) (see Table of Materials) (Figure 1) NOTE: Collect up to 10 wells per 15 mL conical tube for optimal single cell collection. 4. Pellet the cells in a centrifuge at 140 x g and 4 °C for 5 min. Pellet should be visible but can easily be dislodged, so slowly remove the supernatant by vacuum aspiration or with a pipette. NOTE: If concerned about loss of pellet and cells, use a pipette and save the supernatant in a separate tube. 5. To digest tight junction linkages and break up the ileal enteroids into single cells, resuspend the pellet in 500 µL of room temperature trypsin per every 5 wells collected in step 1.3.3. Using a P1000, pipette up and down to disaggregate the clumps and incubate the tubes in a 37 °C water bath for 5 min or less. NOTE: Optimization is needed to determine the appropriate amount of time required to incubate the tubes so that the cells are broken up but not over-trypsinized to the point that they die. Use Trypan blue in step 1.3.9 to ensure that the cells are viable after trypsin treatment. 6. Add 1 mL of Advanced DMEM/F12 with 10% Fetal Bovine Serum (FBS) per 500 µL of trypsin to inactivate the trypsin. 7. Pipette up and down with a P1000 set at 500 μL at least 50 times against the side of the conical tube to further disaggregate remaining clumps into single cells. 8. Place a 40 µm cell strainer over a 50 mL conical and add 1 mL of Advanced DMEM/F12 with 10% FBS to wet the cell strainer. Pipette the single cell suspension from the 15 mL conical onto the strainer. Wash the strainer with 1 mL of Advanced DMEM/F12 with 10% FBS. 9. Transfer the cells that went through the cell strainer from the 50 mL conical into a new 15 mL conical tube. During the centrifugation step 1.3.10, the cellular pellet will be more easily seen in a 15 mL conical tube. Count the cells using a hemocytometer. Use Trypan blue to verify that cells are still alive. Typically, >95% viability is observed. NOTE: MCMGF+ media is Advanced DMEM/F12 with 75% L-Wnt3a conditioned media, 10% R-spondin conditioned media, 5% Noggin conditioned media, 1x B27 Supplement, 1x N2 Supplement, 1 mM N-acetylcysteine, 50 ng/mL mouse recombinant EGF, 500 nM A-8301, 10 nM [Leu15]-Gastrin I, 10 mM HEPES, 2 mM GlutaMAX, and 1x Penicillin/Streptomycin (optional). 12. Ensure that the ECM-coated membranes prepared in step 1. 
Representative Results
Ileal enteroids grown in ECM are analyzed visually and by qRT-PCR for their relative health status and differentiation states as a means of quality control for ileal enteroid cultures and for use in monolayers. Undifferentiated ileal enteroids grown in ECM appear clear and cystic in morphology, indicating the presence of many stem cells ( Figure 1A) . Over time, undifferentiated ileal enteroids grown in growth media may take on an intermediate phenotype where some will appear cystic and some appear opaque ( Figure 1B) . Frequently, our undifferentiated samples resemble those shown in Figure 1B rather than Figure 1A . These intermediate cultures contain more terminally differentiated enterocytes as measured by expression of the enterocyte marker, sucrase isomaltase (SI), and presumably extruded dead enterocytes in the lumen contribute to their dense appearance. Ileal enteroids can be used in this intermediate state for monolayer development, but it must be kept in mind that the quantity of intestinal stem cells present in the cultures may be low, and some differentiated cell types may be present (for example, see qRT-PCR levels in undifferentiated samples grown in ECM resembling Figure 1B in Figure 2 ). For comparison, ileal enteroids cultured with differentiation media in ECM for 5+ days will appear uniformly darkened and lobular and cultures with this morphology are not good candidates for seeding monolayers ( Figure 1C) .
LGR5, an enterocyte gene, SI, a goblet cell gene, MUC2, and a Paneth cell gene, LYZ, is compared between undifferentiated ileal enteroid cultures grown in ECM and differentiated ileal enteroid monolayers in the presence or absence of RANKL/TNFα (Figure 2) . While the values may differ between experiments, expression of LGR5 should decrease after differentiation of monolayers 18, 26 .
LGR5 expression is usually not detected in the differentiated ileal monolayers without RANKL and TNFα by day 7. Conversely, expression of markers of differentiation of specific cell types, such SI and MUC2, increase after differentiation 18 . Expression of LYZ generally decreases after differentiation in our cultures. If the ileal enteroid cultures used for making monolayers look more like Figure 1B than Figure 1A , increases in intestinal differentiation markers may be modest after differentiation because these initial cultures are heterogeneous in intestinal cell types and have a higher basal level of SI and MUC2. However, differentiation in monolayers still occurs as assessed by loss of LGR5 expression and microscopy (see below). Furthermore, addition of RANKL and TNFα to the differentiation media reduces the loss of LGR5 expression (Figure 2) . In parallel, the expression of SI and MUC2 are slightly lower than in the differentiated condition lacking RANKL and TNFα although their levels increase above the undifferentiated condition.
M cell differentiation in monolayers is determined both by qRT-PCR and immunofluorescence using two M cell specific markers including cell surface glycoprotein 2 (GP2) and transcription factor SpiB 21 . Expression of GP2 and SPIB is upregulated in the ileal enteroid-derived monolayers in the presence of RANKL and TNFα and is not detected in non-RANKL and TNFα treated samples (Figure 3) . Expression of these markers can also be normalized to a piece of small bowel tissue 22 , if available. This permits the fold change of these M cell markers to be compared to tissue that has M cells rather than to control monolayers that have no expression of these markers and allows standardization between experiments in one lab. M cells are also detected by surface expression of GP2 by immunofluorescence (Figure 4) . Typically, in a confluent monolayer, 1 to 5 M cells are observed in a given microscope field at 40X magnification by days 6 through 8 post-seeding in samples treated with RANKL and TNFα (Figure 4A-D) . No GP2 expression is seen in the untreated samples ( Figure 4E) . The orthogonal view of the XZ plane overlaid with a phalloidin probe shows actin structures surrounding each cell and GP2 expression on the apical surface of M cells (Figure 4F-G) . This model recapitulates the low frequency of M cells found in the human intestine 1, 2, 8 . To purify and isolate M cells for further study, M cells can be stained using GP2 surface expression and sorted using FACS for GP2+ cells.
M cells bind to and transport antigen from the intestinal lumen to the immune cells residing beneath the epithelium 2 . Secretory IgA produced in the intestine binds to bacteria and can bind to the apical surface of M cells to facilitate transport of the microbes 27, 28 . To determine if the M cells developed in this model are able to bind to IgA, human serum IgA is added to the upper chamber, allowed to bind for 1 h, and then the monolayers are prepared for immunofluorescence analysis. The presence of IgA on M cells is visualized using a fluor-conjugated secondary antibody that recognizes the heavy chain of human serum IgA. M cells treated with IgA for 1 h have IgA bound to the apical surface ( Figure  5A) , whereas M cells in control wells that were only treated with the secondary antibody to IgA have no detectable signal ( Figure 5B) . 
Discussion
To develop monolayers that differentiate properly into the major intestinal cell types and M cells, it is critical to be aware of several factors. Ileal enteroids must be harvested from ECM cultures that are undifferentiated and have a high proportion of Lgr5+ stem cells. Visually, the majority of the ileal enteroids in the ECM cultures should not be darkened and multilobular, and LGR5 expression should be detected in these cultures by qRT-PCR analysis. Quality control of conditioned media is essential for the propagation of undifferentiated cultures over time and must be completed for each batch of conditioned media that is produced. Quality control can be completed by testing a new batch of media on some ECM cultures and comparing the morphology of the ileal enteroids to a previous batch of media over the course of a week. LGR5 expression should remain relatively similar in the ileal enteroid cultures grown in the new batch of media compared to the previous batch.
During preparation of the ileal enteroids for seeding as monolayers, it is important to vigorously pipette the cell solution after incubation with trypsin to break up the ileal enteroids into single cells. Cell clumps can lead to multi-layer formation when seeded for monolayers. In addition, it is essential to empirically determine the number of cells required to form a monolayer for each individual ileal enteroid line that is obtained. Typically, this value can range from 2.5 x 10 5 -5.0 x 10 5 cells/well but depends on the degree of cystic to non-cystic ileal enteroids in cultures and varies for each individual ileal enteroid line. From experience, ileal enteroids grown in ECM that appear less cystic require higher cell seeding density to achieve monolayers. It is advisable to wash the upper chamber after 1 day of growth by gently pipetting the media up and down 2-3 times and replacing with fresh growth media. This process dislodges cells that have landed on top of other cells reducing the likelihood of multi-layer formation. Switching the media in the upper chamber from growth media to M cell media when the monolayers are ~80% confluent, which usually occurs at day 2 post-seeding, helps achieve good M cell differentiation. Addition of RANKL/TNFα to the upper chamber during M cell induction does not lead to the development of a greater number of M cells per monolayer and therefore can be left out of the upper chamber media. Transwells of varying pore sizes can be used in this protocol without affecting M cell development; however, cell seeding density must be optimized for those with larger pore sizes. Collagen IV can be substituted for ECM as a basement membrane protein coating for transwells or well plates which may be better suited for certain applications.
Ileal enteroid-derived monolayers on transwells provide a two-chamber system that allows for the creation of defined apical and basolateral surfaces such that the 4-5 different types of epithelial intestinal cells can polarize to express surface markers on each side relative to that found in the intestine. Additional factors can be added to either side such as particles, infectious agents, or other cell types. However, to date some limitations remain. As described, this system is a static system that lacks physiological flow, intestinal contractions, and intestinal contents. In addition, the villus-crypt architecture is lost by the formation of a flat monolayer. These systems lack Peyer's patch regions, immune cells, and stromal cells. Whether the lack of immune and stromal cells residing closely underneath M cells affects the invaginations which are not observed in this system and other physiological functioning is an important future area of investigation. This protocol can be adapted to a 96-well plate or a multi-well plate format. The procedure for coating the 96-well plate with ECM and seeding with single cells from ileal enteroids remains the same as for transwells. Titration of the cell seeding density required to obtain monolayers must be done, but typically ranges from 1.0 x 10 5 -3.0 x 10 5 cells/well in a 96-well plate format. M cells are induced by replacing the growth media with M cell media when the monolayers are 80% confluent typically by days 1-3 depending on initial cell seeding density.
This method of differentiating M cells from ileal enteroids in vitro provides significant improvements over the Caco-2 method. The ileal enteroids are primary cells and at least 4-5 epithelial cells types are present in the system. In addition, ileal enteroid lines derived from different people can be studied to investigate how genetics or disease state influence M cell development and behavior. Additional manipulation of the ileal enteroids during M cell differentiation will allow a better understanding of M cell development including characterizing M cell precursor cells. Finally, since the molecular mechanisms of M cell phagocytosis and transcytosis are still not completely understood 3, 29 , this model provides the opportunity to study and visualize antigen and particle uptake by M cells.
